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@ Novel method for preparing solid solution materials for secondary non-aqueous batteries. 

Ltthiated manganese oxides are synthesized using a novel two stage process. Using appropriate 
starting materials, lithiation is accomplished via low temperature ion exchange in aqueous warni salt 
solution. A heating stage follows which completes the synthesis. Materials suitable for use as cathodes 
in lithium ion rechaipeable batteries have been prepared in this way. Novel materials might also be 
prepared using a simflar low temperature ion exchange process. 
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This invention relates to solid solution oxides, especially lithiated manganese oxides, processes for syn- 
thesizing these materials, and their use as active electrode materials In electrochemical cells. In particular, 
the invention relates to the synthesis of such materials for use as cathodes in lithium ion rechargeable batteries. 

Lithium batteries are becoming increasingly popular in the market place as they offer advantages of high 
voltage and energy density over conventional aqueous technologies. Recent developments in the field are al- 
lowing lithium battery technologies to meet the demands of ever greater energy density requirements for elec- 
tronics applications. 

Primary lithium batteries and historically secondary lithium batteries have used metallic lithium or a lithium 
alloy for the anode and often a transition metal chalcogenide for the corresponding cathode. The discharge 
process of batteries constructed In this way involves the transfer of lithium atoms from the anode into the host 
cathode. Thus, primary cells preferably have minimal lithium in the cathode as fabricated In order to obtain 
maximum capacity on discharge. Certain advantages however can be obtained by partially lithiating the cath- 
ode prior to battery fabrication. Common commercial cathode materials include manganese oxide compounds. 
As taught in the Hitachi iVIaxell KK, Japanese patent publication 59-31182 (1984), discharge performance and 
shelf stability of a non-aqueous LIlMnOz primary cell can be improved by partial lithiation of the MnOj cathode 
followed by appropriate heat treatment. This was accomplished by soaking the MnOj In LIOH solution and then 
heat treating preferably around 300X. The MnOj contains significant amounts of bound water which is driven 
off by heating. In this publication, It is slated that the presence of lithium In the host MnOj prevents undesirable 
changes on heating. 

The prior art contains other references teaching similar ways of lithiating manganese oxides for use in bat- 
teries. Sanyo, Japanese Kokal 62-108455 (1987) disclose a secondary battery employing cathode of lithium 
doped gamma phase electrolytic manganese dioxide made in the same general way described In the Hita- 
chi '182 publlcatton. Toshiba. Japanese Kokal 62-126556 (1 987) describe batteries made with cathode material 
prepared from LIOH treated MnOa. Moll, U.S. patent 4.959,282. describe the preparation of what was called 
•X-phase" cathode material for batteries where the lithiated manganese oxide is first coated with LIOH soiid 
via evaporation from solution followed by a heat treatment step. In all the preceding examples, only partial 
lithiation of the manganese compound is performed. 

Recent developments In the field have led to the commercialization of rechargeable lithium batteries where 
a host compound, usually a form of carbon, has been used in place of lithium metal and/or alloy as the anode. 
During use of the battery, lithium tons are shuttled or rocked from the cathode to the anode on charge and 
from the anode to the cathode on discharge. Such batteries are called Lithium ion cells (T.Nagaura and K To- 
zawa. Progress in Batteries and Solar Cells. 9, 209. (1990)) or Rocking Chair cells (J.R.Dahn. et al.. J.EIec- 
trochem. Soc, 138. 2207 (1 991)) Such batteries provide increased safety and cyde life over historical recharge- 
able lithium technologies. 

It is desirable for practical reasons that the battery components be relatively stable In dry air for manu- 
facturing purposes. It Is also desirable that substantial amounts of lithium be incorporated in the electrode ma- 
terials such that use of the inherent capacity of the materials can be maximized without having to add lithium 
in some other fomi. Lithium atoms therefore usually reside in the transition metal chalcogenide cathode when 
fabricated as the preferred compounds for use can incorporate large amounts of lithium yet still remain stable 
in dry air. 

Sony Energy Tec Inc. was the first company to confunercialize lithium ion batteries where LiCoOj was used 
as a cathode material. Many other such materials have been proposed such as LiNIOj (Goodenough el al , 
U.S.P. No. 4,302,518 and/or Dahn etaL. J.EIectrochem. Soc. 138, 2207,(1991)) LiMn204 (Ohzuku etal.. J.EIec- 
trochem. Soc. 137. 769. (1990)) and Li2lVln204 (Tarascon et al.. J. Eiectrochem. 138. 2864 (1 991)). LiCoOa and 
LINiOz adopt a layered structure of space group R-3m. LiMn204 adopts the AB2O4 spinel structure with space 
group Fd3m. Li2Mn204 as described in Tarascon et al.. J. Eiectrochem. 138. 2864 (1991) is related to LIMn204 
in structure, but It is not believed to be entirely air stable. It Is our belief that said LIMn204 is hence not useful 
as a practical cathode material for Lithium ion batteries. 

Each of these cathode materials can reversibly react with a certain amount of lithium between reasonable 
cutoff voltages that might be used in a practical Lithiunrvion cell. These cutoff voltages are most likely about 
2.5V and about 4.2V versus metallic Li. The specific capacities of LlCoOa. LINIOj and UMn204 between these 
voltage limits are at)out 140 mAh/g (J.N. Relmers and J.R. Dahn, J. Eiectrochem. Soc. 139. 2091 (1992)). 170 
mAh/g. (J.R. Dahn, U. von Sacken and C.A. Michael, Solid State Ionics 44, 87 (1990)), and 110 mAh/g (T.Oh- 
zuku, M.KItagawa and T. Hirai, J. Eiectrochem. Soc. 137, 769, (1990)). 

Recently, Ohzuku et al, Chemistry Express, 7, 1 93 (1992), discovered a new type of LIMnOa prepared from 
LiOH H20 and y-MnOOH at low temperature. Ohzuku et al. mixed stoichiometric amounts of the above reac- 
tants and then pressed them Into a pellet. Different pellets were then heated In flowing nitrogen for several 
hours at temperatures between 300«C and 1000X to prepare a series of materials. For materials prepared at 
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1 0OO'^C, the powder diffraction pattern resembled that of orthorhombic LiMnOj. (Dittrich and Hoppe. 2. Anorg. 
Allg. Chemie 368, 262 (1969)). At lower temperature, (eg. ASO^'C) the patterns were different, consisting of 
Bragg peaks that could be assigned to LiMn02 (of which some were very broad) and other peaks from an im- 
purity phase. Nevertheless, Ohzuku et. af showed that material prepared at moderate temperature (between 

5 300°C and 450°C apparently) reversibly reacted with about 1 90 mAh/gram of lithium between 2.0 and 4.25 V 
when operated as a lithium-ion cell cathode would be. In this application we call the material prepared at tem- 
peratures beiow ASO^'C, (excluding the impurity phase) Low Temperature LIMnOa or LT-LiMnOa. 

Cobalt and nickel are both much more expensive than manganese. For this reason, it is very important to 
use manganese-based materials in a price sensitive battery product provided performance penalties con>- 

10 pared to cobalt and nickel are not overly severe. The new material reported by Ohzuku et al. apparently rep- 
resents a major improvement in specific capacity compared to LiMn204. However, LiMn204 delivers useable 
capacity at a higher voltage than LT-LiMn02. Thus both materials appear very attractive for use as lithium ion 
battery cathodes. 

Low cost, simple synthesis methods for such manganese based compounds are therefore desiral)le. Acta 
IS Chemica Sinica. Vol 39, No. 8, page 711-716 discusses an ion exchange material, LIMn204, resulting from 
treatment of electrolytic Mn02 in LiOH solution followed by a heating stage. The preparation of LIMn204 is also 
disclosed In U.S. Patent No. 4,246,253 using a method involving sintering lithium carbonate and manganese 
dk>xide at temperatures of 800"-900"C. It was shown in U.S. Patent No. 4,828,834 that a preferred LiMn204 
compound for use in rechargeable batteries could be prepared by reacting manganese dioxide with LiaCOa at 
20 400°C or with Lrl at 300*C in nitrogen. Ohzuku et al. proposed a method for preparing LT-LIMn02 which involves 
pelletizing an intimate mixture containing LIOH H2O and heat treating. In all these cases, manganese com- 
pounds with substantial amounts of lithium were prepared. However In all cases, an intimate mixture of lithium 
salt and manganese oxide must be created prior to heat treatment The actual Incorporation of lithium by Ion 
exchange into the manganese oxide disclosed in Acta Chemica Sinica is believed to be low since there are 
25 few atoms to exchange with. However, after evaporating away water from LiOH solutbn, a solid intimate mix 
of LiOH coated, partially exchanged manganese oxide would be obtained. 

There are several possible problems with synthesis methods employing such solid stale reactions of inti- 
mate mixes of solids. In order to make unifonmly llthiated material it is important that the stoichiometry through- 
out is constant A uniform reaction relies on the correct ratios of reactants being present on a local, small scale. 
30 Thus, uniformity of the reactant mix must be achieved on a very small scale. Purity problems can arise if the 
manganese compound is inadequately lithlated prior to heating fully, resulting In the formation of an undesired 
compound. Unreacted lithium salt can remain as an impurity. In some instances, the preferred U salt reactant 
may be LiOH. However, this can readily convert to Li2C03 in air. Thus exposure of the mixture to the normal 
atmosphere prior to finishing heat treatment may be undesirable. A method of dealing with this particular prob- 
35 lem is disclosed in Japanese Kokai 04-115459, wherein LijCO, is converted to LiOH by Introducing water va- 
pour into the process air stream. 

A method for preparing a solid solution of the form A^ByMOz wherein A and B represent elements that can 
be exchanged as Ions, and x is a number in the range from zero to aljout or equal to 2, y is a number In the 
range from greater than zero to about or equal to 2, and z is a number in the range from about or equal to 1.5 
40 to about or equal to 3, and M is a transition metal, has now been found. The method comprises the steps of 
(a) selecting a starting solid solution having a desired molecular framework of the formula Ay'MO;-, and an 
anionic compound of B wherein / and zV have the same ranges as defined above for y and z respectively, but 
need not necessarily be the same numbers; and (b) conducting a controlled low temperature ion exchange 
on the starting solid solution, to a controlled extent wherein the element A is replaced with the element B. to 
45 produce an at least partial ion exchanged solid solution of the form A^ByMOx. 

Elements that can be exchanged as ions include alkali and alkaline earth metals. Typical exchangeable 
elements that may find utility Include those selected from H, LI, Na, K, Cs, Ca, Mg and Rb and mixtures thereof. 
M can be a transition metal element selected from the group consisting of Mn. Fe. Ni, Co. V. Cr and Sa 
The solid solution prepared by the method of the invention can be subsequently heated to complete the 
50 synthesis of a desired material. 

The controlled Ion exchange aspect of the method of the invention can be conducted in an aqueous me- 
dium. 

Additionally, a primary or rechargeable battery can be manufactured wherein at least a portion of one elec- 
trode comprises a solid solutton material prepared according to the method of the invention. In particular, the 
55 Inventors have discovered that LlMn204 and LT-LIMn02 can be prepared in appreciably pure form using a sim- 
ple two stage process embodying the invention. The first stage of the process, the lithiation stage, is accono- 
plished via low temperature k)n exchange in aqueous warm salt solution. The second stage involves a heat 
treatment step for the removal of hydrogen as water and/or for structural rearrangement Akey to such process 
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is the use of a suitable starting material with the proper initial structure and sufficient inserted ion already pres- 
ent such that it can be exchanged with the total amount of lithium desired in the final compound. The other 
key is that the exchange process requires a solvent, in this case water. Thus no Intimate mix of solid Li salt 
and manganese compound is required as an intermediary step with its corresponding drawbacks. Since other 
chemically similar starting materials are known to exist, the inventors expect that this method will be applicable 
to the synthesis of other solid solution materials, especially other Li manganese oxide phases, of interest for 
use in batteries as well. 

Specifically, both LT-LIMnOz and LiMn204 have been synthesized using this novel process and using y- 
MnOOH as the starting material. LIthlation was accomplished by boiling solid y-MnOOH particles in sufficient 
4M LiOH solution. During the boiling, an ion exchange reaction occurs: 

y-MnOOH + LiOH LT-UKHi.xMnOa HjO 

The initial molarity and volume of the LIOH solution which is added per unit mass of y-MnOOH can be used 
to adjust the extent of llthiation and to minimize the amount of LiOH which remains in the solution after reaction. 
Predominantly complete Ion exchange Is possible. After sufficient time, the suspended LT-LlxHi.xMnOa par- 
ticles are recovered from the solution by filtering or settling or centrif ugation. The material can then either be 
rinsed with pure HjO to remove excess LiOH, if any, or left unrinsed. Some reverse ion exchange can occur 
if rinsing is used. This can be used to adjust the extent of llthiation if desired. The powder is then dried by heating 
at temperatures between 100"C and 350X in either vacuum or Inert gas. Heating above 350^*0 may be used 
if structural rearrangement is desired. This represents a substantial simplification compared to the method of 
Ohzuku et al. in the preparation of LT-LIMn02. 

in the preparatton of LT-LIMnOz, ft is thought to be important that the Ion exchange reactions be completed 
at temperatures below about 220°C. The reason isthaty-MnOOH decomposes above this temperature to form 
Mn203 and water For rapid ton exchange reactions. Involving the y-MnOOH framework, It Is essential that this 
framework not be destroyed. Therefore it is most desirable to perform these ion exchange reacttons below 
about 220*^0. 

Llthlum/LT-LiMn02 test cells constructed with such materials give reversible capacities between 2.5 and 
4.2 V of more than 170 mAh/g. Once the powders are heated to 450*»C or above, the reverelble cell capacity 
drops dramatically (to about 60 mAh/g for material heated at 450«*C). This reduction coincides with changes 
to the x-ray diffraction profile of the material with heating. Between 350*»C and 450*»C. the crystallinity of LT- 
LiMn02 improves dramatically, apparently reducing the reversible capacity. 

In the description which follows, reference will be made to the following examples, wherein: 

Figure 1 shows a preferred construction of a rechargeable lithium ion battery Incorporating a cathode ma- 
terial prepared using the inventton process. 

Figure 2 shows the construction of the laboratory test cell employed to illustrate the electrochemical be- 
haviour of example materials. 

Figure 3 shows the powder X-ray diffraction pattern of LT-LiMnOz prepared in comparative example 1. 

Figure 4 shows the voltage versus capacity curves for a laboratory test cell using a lithium anode and a 
cathode of the material prepared in oomparath^e example 1. 

Figure 5 shows the voltage versus capacity curve for a laboratory test cell using a lithium anode and a 
cathode of the material used in comparative example 2 plus the curve of figure 4 for comparison. 

Figure 6 shows the powder X-ray diffraction pattern of LT-LiMnOj prepared in Invention example 1. 

Figure 7 shows the voltage versus capacity curves for a laboratory test cell using a lithium anode and a 
cathode of the material prepared in invention example 1. 

Figure 8 shows the powder X-ray diffraction pattern of LT-LiKMn02 prepared in inventfon example 2. 

Figure 9 shows the voltage versus capacity curves for a laboratory test cell using a lithium anode and a 
cathode of the material prepared in invention example 2. 

Figure 10 shows the powder X-ray diffraction pattern of LiMn204 prepared in invention example 3. 

Figure 11 shows the thermogravimetric data for foil wrapped pellets tested at different heating rates in 
illustrative example 1. 

Figure 12 shows the thermogravimetric data for foil wrapped pellets prepared with anhydrous LiOH or 
LiOH.H20 In Illustrative example 1. 

Figure 13 shows the thermogravimetric data for y-MnOOH by itself as tested in Illustrative example 1. 

Figure 14 shows the powder X-ray diffraction pattern of LT-LlxMn02 prepared In Illustrative example 2. 

Figure 15 shows the voltage versus capacity curves for a laboratory test cell using a lithium anode and a 
cathode of the material prepared in illustrative example 2. 

Figure 16 shows the thenmogravimetricdata for the material prepared as in illustrative example 3. 

Figure 17 shows the powder X-ray diffraction pattern of the mixture of phases prepared In illustrative ex- 
ample 4. 
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zero to about or equal to 2, y is a number in the range from greater than zero to about or equal to 2, and 
z is a number in the range from about or equal to 1 .5 to about or equal to 3, and M is a transition element, 
which comprises: 

(a) selecting a starting solid solution having a desired molecular framework of the fonmula: 

AyMOzs and an anionic compound of B, wherein A and B are as defined above and y* and z' have 
the same ranges as defined above for y and z, but need not necessarily be the same numbers; and 

(b) conducting a controlled low temperature ion exchange on the starting solid solution, to a controlled 
extent, wherein the element A is replaced with the element B, wherein A and B are as defined above, 
to produce an at least partial ion exchanged solid solution of the form AxByMO^. 

2. A method as claimed in claim 1, wherein A and B represent elements selected from H, alkali metals es- 
pecially LI, Na, K, Cs, and Rb and alkaline earth metals, especially Mg and Ca. 

3. A method as dainrted In claim 2, wherein the transition metal Is one capafc>le of fbnming a compound rep- 
resentable by the molecular formula HMO2 or H2MO2. 

4. A method as claimed in claim 3, wherein M is selected from Mn, Fe, Ni, Co. V, Cr and Sc and mixtures 
of two or more thereof. 

5. A method as claimed in any preceding claim 1 wherein the ion exchanged solid solution of AxByMOz is 
heated to complete synthesis. 

6. A method as claimed In any preceding daim, wherein the controlled ton exchange is conducted In an aqu- 
eous medium. 

7. A method as claimed in any preceding claim, wherein the compound Ay-MOz- in the starting solid solution 
is selected from the group consisting of a-MnOOH, p-MnOOH, y-MnOOH and Mn(0H)2. and mixtures 
thereof. 

8. A method as claimed in any preceding claim, wherein the ion exchange is conducted at a temperature 
between about 0**C and about 300**C. 

9. A method as claimed in daim 7, wherein B is lithium. 

10. A method as claimed in any preceding daim, wherein a solid solution of the formula UyMnOz, wherein y 
and z are as defined in claim 1, is prepared from the stances LiOH and y-MnOOH. 

11. A method as claimed In daims 1 to 3 of synthesizing a iithiated manganese oxide of the form LiyMnO^, 
wherein y is a numt>er of a range greater than zero and less than or equal to 1, and z is a number of about 
2 which comprises; 

(a) selecting an ionic compound of Li to be used for purposes of Ion exchange; 

(b) conducting a controlled aqueous Ion exchange at a temperature below 300*'C on y-MnOOH where 
H is replaced by U to a controlled extent to produce an ion exchanged compound HxLiyMnOz wherein 
X is a number of a range greater than or equal to zero and less than or equal to 1; and 

(c) heating the ton exchanged compound to complete the synthesis. 

12. A primary or rechargeable battery wherein at least a portion of one electrode comprises a solid solution 
material prepared according to the method of any preceding daim. 
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Claims 

1 . A method of preparing a solid solution of the form 

AxByMOz 

wherein A and B represent elements that can be exchanged as ions and x Is a number in the range from 
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4,828,834 regarding LiMn204. 
Example 3 : 

5 3.643g UOH H2O and 6,457g y-MnOOH were ground together to prepare an Intimate mixture. From this 

mixture, 4.595g was extracted and pressed at 1000 bar into a 1" diameter pellet. The pellet was wrapped in 
Al foil and heated to 200**C for 1 hour in air. The final mass of the pellet was 3.334g after heating. For a 27.7% 
weight loss (expected if the product is LT-LIMnOa) the final mass is calculated to be 3.322g, In good agreement 
with experiment. The x-ray diffraction pattern of this powder resembled that shown in Figures 3.6 and 8. show- 

10 ing that LT-LiMnOa was indeed produced. 

A TGA analysis of a powdered sample of the material of invention example 2 was performed in an air at- 
mosphere. As shown In Figure 16, weight gain begins near 200°C as the reaction 

3 LiMnOa + 1/2 {O2) ^ UMn204 + UJMnO^ 
occurs. The weight gain expected in this reaction is 5.6%, but the experiment only shows about 3%, suggesting 

15 that it has not gone fully to completion, or that another reaction has taken place. The x-ray diffraction profile 
of the heated product does resemble that of UMn204 and UzMnQs. 

This example shows that once formed. LT-LIMn02 is stable in air to just under 200<»C. Above this temper- 
ature, a vacuum or inert gas such as Argon, must be used for processing. This demonstrates the importance 
of the type of process gas used and that simplification is possible if low temperature processing can be used. 

20 

Example 4 : 

3.0 gnre of electrolytic Mn02 or EMD (from Mitsui, TAD I grade) was refluxed under boiling conditions In 
50 mis of 4M UOH solution for sbc hours. Some of the suspension was poured into a centrifuge tube and settled 

25 by centrifugation. The liquid was then decanted, leaving minimal residual salt solution behind. The resultant 
wet powder was then heat treated in air at 600*C for greater than two hours. According to the Acta Chemica 
Sfnica reference mentioned previously, these are the optimum conditions for preparing the ion exchange ma- 
terial Identified as LiMn204. Figure 17 shows the x-ray diffraction pattern of the example material. It is clearly 
a mixture of phases which may include some contribution from LiMn204. but is far from substantially pure. 

30 While EMD bias some bound water, it does not have a substantial anxiunt. Consequently. EMD Is often 

represented as MnOa only, without mention of hydrogen. Since virtually all the residual UOH in solution was 
decanted away and since there is insufficient hydrogen to exchange with lithium in EMD. the material LiMn204 
was not the result of the example process. The Acta Chemica Sinica reference does not disclose sufficient 
detail but their result can easily be explained if significant residual LiOH remained prior to heat treatment (ie: 

35 an intermediary step wherein the partially exchanged lithium MnOa compound is in intimate contact with LiOH). 

This example demonstrates that the invention process differs from the prior art and that LiMn204, a com- 
pound with substantial U content, cannot be prepared by ion exchange if the starting material does not have 
a substantial amount of ions with which to exchange. 

While the disclosure only shows some specific materials have been prepared using this novel process, it 

40 is intended that other materials prepared in a similar manner be within the scope of this invention. A table of 
starting materials that could be used to prepare useful and perhaps novel materials using this process is shown 
in the following. 

Members of said Table include a variety of transition metal oxide hydroxides that can be represented as 
either MOOH or M(0H)2, or alternatively, as either HMO2 and H2MO2 respectively, wherein M can be Mn, Fe, 
45 Ni. Co, V, Cr or Sc. The data for said Table has been compiled using information provided in the JCPDS-X-ray 
Powder Diffraction Database (1990). Some members have been synthesized artificially and have no gh^en 
name. In like manner to the aforementioned examples, it is expected that H atoms in members of said Table 
might be exchanged for other elements via the method of the invention. 

so 
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material. 
Example 3 : 

5 The material of inventive example 2 was further heated to 350'C in argon for 18 hours. The diffraction 
pattern for this material Is given in Figure 10. This pattern no longer resembles that of the LIMn02 phase pre- 
pared in comparative example 1 and inventive examples 1 and 2. Instead this pattern Is dose to that of LIMn204 
shown In comparathre example 2. Thus It Is presumably possible to prepare LiMn204 and other LI-Mn-0 com- 
pounds at low temperatures by preparing the "right" LIxHi.xMnOz compound by controlled ion exchange fd- 

10 lowed by a suitable heat treatment 

Illustrative Examples 
Example 1 : 

IS 

6.554 g y-MnOOH and 3.445 g LiOH-HzO were thoroughly mixed together using the automatic grinder After 
mixing, about 0.1 gram of the mixture was pressed together at 1000 bar as In comparative example 1. Two 
small pieces of pellet (about 30 mg) were broken of f and wrapped in a small piece of Al foil having known weight. 
The wrapped pieces were then subjected to TGA analysis at two different heating rates under flowing argon. 

20 One run was @ l^'C/min and the other was @ 1 0^C/min. 

Next, Anhydrous LIOH and y-MnOOH were mixed In a 1:1 stoichiometric ratio by grinding for 5 minutes. 
The mixture was pressed Into a pellet at 1 000 bar as before. A small piece of this pellet was wrapped In a known 
mass of aluminum foil and then subjected to TGA analysis under an argon atmosphere. 

Figure 1 1 shows the weight loss versus temperature for both the TGA analyses on material prepared using 

25 LiOH HiO. At 10*C/min heating rate, the reaction between LiOH HaO and y-f^nOOH occurs in a single event 
beginning just over 100*C in this analysis and ending near 170*C. The water of hydration of LiOH HaO does 
notleave until over 100*^0 due to the foil wrapping. Thus there Is water present to facilitate the ton exchange 
reaction to form LT-LIMnOa- At rc/min heating rate, there is extensive weight loss before 100**C, as the water 
of hydration of UOH-HjO is lost through the cracks in the foil wrapping since the time taken to reach 100°C is 

30 ten times longer. In T. Ohzuku et al., J. Electrochem. Soc. 137. 769. (1990). foil wrapping was not specified. 
This omission leads to early water loss at the exterior of the pellet and then to incomplete ion exchange at low 
temperature. 

This phenomena Is demonstrated further In comparing this to the results obtained with anhydrous LiOH 
and y-MnOOH where the reaction doesn't begin until over 220'*C. Figure 12 shows TGA analyses of the 

35 LIOH HjO sample and anhydrous LIOH sample both heated at lO^'C/mln rate. At 220"'C, y-MnOOH begins to 
decompose as Is shown on a similar TGA analysis on y-MnOOH by Itself in Figure 13. Neither the anhydrous 
LIOH sample nor the rC/min sample become LT-LIMnOz after heating to 350''C. because Insufficient water 
remains in the samples to facilitate the ion exchange between Li and H before they-MnOOH decomposes near 
220''C. Note that the expected mass loss In the reaction LIOH H2O + y-MnOOH LiMnOj is 27.7%. consistent 

40 with the sample heated at 10°C/min. To lower reaction temperatures as much as possible and to minimize such 
decomposition, water must be present as the ion-exchange solvent, so that LiOH is effectively in the solution 
phase. 

This example shows that the presence of water is a key to the invention process and also to a prior art 
process. UMnOa clearly fbrnis from a pressed pellet reaction below 200*>C. if water vapour (in this case from 
45 the water of hydration of LIOH HaO) is present until about lOC'C. 

Example 2: 

A wrapped pellet as In comparative example 1 was prepared and heated to 450X under argon flow for 18 
50 hours. The diffraction pattern of the powdered product is shown in Figure 1 4. This agrees well with the literature 
pattern described In comparative example one. Notice that the width of the 011 peak near 24.7 degrees has 
decreased compared to the data shown In Figure 3. This is due to Increased crystalllnity on higher temperature 
heating. 

A Li/LiMn02 cell was assembled using this powder. Figure 15 shows the voltage-capacity relation for this 
55 cell. This cell obtains only about 60 mAh/g of reversible capacity between 2.0 and 4.2 V. 

This example illustrates that the electrochemical properties of this lithium manganese oxide can be drast- 
ically reduced by overheating to 450*C. The correlation of broader x-ray diffraction peaks with reduced heat 
treatment temperature to greater electrochemical capacity is similar in general to that mentioned in USP No. 

9 
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TABLE 2 

LITERATURE DDFFRACTION PATTERN FOR LiMnjO^i 
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20 

A Li/LIMn204 test cell was prepared using LiMn204 (from Cyprus-Foote Mineral Corp., Exton. PA., USA) 
and the methods described earlier. Figure 5 shows the voltage-capacity relation for this cell compared to that 
used for Figure 4. The data for the LiMn204 cell are In good agreement with those in the literature (T Ohzuku 
et a!., J. Electrochem. See. 137. 769, (1990). This shows the capacity advantage of LT-LJMn02 over LiMn204. 
25 These two examples illustrate the electrochemical l>ehaviour of LT-LIMnOa and LIMn204, that prior art 
methods can be successfully duplicated, and that the laboratory cell assembly and testing techniques are 
sound. 

Invention Examt^es 

30 

Example 1 : 

5.0 grams of y-MnOOH were refluxed under boiling conditions in 100 mis of 4M LiOIH solution for 6 hours. 
Some of the suspension was poured into a centrifuge tube and settled by centrifugation. The liquid was then 
35 decanted, leaving minimal residual salt solution behind, and the resulting wet powder directly heated in an alu- 
mina boat to 200*^C in flowing argon. Figure 6 shows the x-ray diffraction pattern for this material showing that 
it is basically identical in a structural sense to the materials shown In comparative example 1, even though ft 
has been prepared under strikingly different conditions. 

A U/LiMn02 test cell was prepared from this material. Figure 7 shows the voltage-capacity relation for this 
40 cell, which obtains 180 mAh/g between 4.2 and 2.0 V. 

This example demonstrates that excellent LT-LiMn02 material for use as cathodes In lithium batteries can 
be made using the invention process. Material similar to that described in the prior art can be prepared at tem- 
peratures as low as 200''C. 

45 Example 2: 

3.0 grams of r-MnOOH was added to 100 mis of 4M LIOH solution. The mixture was refluxed by boiling 
for 6 hours. The solids were collected by filtering, and rinsed In water several times. The resulting powder was 
dried at 120''C in vacuum. Figure 8 shows the diffraction pattern for this sample. A comparison with Figure 3 
so shows that a structurally identical product (apart from small impurity peaks near 1 8.7, 26. 26.9, 33.1 and 38.6 
degrees) has been prepared. 

A Lf/LiMn02 test cell was prepared using this material. Figure 9 shows the voltage-capacity relation for 
this cell. This cell obtains 190 mAh/g between 4.2 and 2.0 V after the first charge In good agreement with the 
cells described in comparative example 1. However, the capacity of the first charge is only about 160 mAh/g 
55 showing that Insufficient Li has been incorporated in the material by the ion exchange followed by rinsing in 
water. Some Li was removed by "reverse ion-exchange" with hydrogen during the rinsing steps. Therefore, this 
material must be considered LIxH,. xMn02 with x near 0.88 after this rinsing. 

This example demonstrates a means of varying the degree of lithiatton while otherwise preparing the same 

8 
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to those for Cu Ka. This is done using standard methods (B.D. Cullily, "X-Ray Diffraction", Addison-Wesley, 
1969). Table 1 gives the Bragg Peak positions and Integrated peak Intensities for LiMn02 as prepared at about 
1000°C (Dittrich and Hoppe, Z. Anorg. Allg. Chemie 368, 262 (1969)). Although LiMn02 prepared at this teno- 
perature Is not electrochemlcally equivalent to compounds of similar stolchiometry prepared at lower temper- 
atures, the x-ray patterns are similar enough for purposes of identifying impurity related peaks In the patterns. 
From a comparison of Figure 3« Table 1 and said reference, it is clear that the material prepared by the invention 
methods is more pure than that of said Ohzuku et aK reference. 



TABLE 1 

LITERATURE DIFFRACTION PATTERN FOR LiMnO, 
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SO 



A Li/LT-LiMn02 test cell was assembled from this powder. The cell was charged and discharged using cur- 
rents of 5.7 mA/g. The cell voltage versus capacity for the first three cycles is shown in Figure 4. The specific 
reversible capacity for this cell over the first three cycles is greater than 170 mAh/g between 2.0 and 4.2 V. 
Other similar cells obtained equal or better performance. This perfonnance is equal to that shown in said ref- 
erence (Figure 2 in this reference). Similar cells cycled between 2.0 and 3.8 V at the same specific current 
obtained 120 mAh/g of reversible capacity for over 30 change discharge cycles. 



Example 2: 



X-ray pattern Information for LiMn204 was obtained from the literature (Natl. Bureau of Standards (U.S.) 
55 Monograph 25. 2178. (1984) and Joint Commission on Powder Diffraction Standards (JCPDS) reference da- 
tabase. Peak positions and relative intensity are shown in Table 2. 
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that of a wound type Li ion rechargeable battery shown In Figure 1 . Cathode foils are prepared using lithium 
manganese oxide powder, a binder, and a conductive dilutant mixture applied to a thin aluminum foil. Anode 
foils are prepared using suitable carbonaceous compound mixtures and a binder applied to a thin copper foil. 
A dry cell assembly 4 is then prepared by spirally winding an anode and cathode segment together into a *jelly 

5 roll" with two microporous polyolef in film sheets acting as separators. Typically, anode foils are slightly wider 
than the cathodes as indicated by anode edges 12, 15 and cathode edges 13, 14 in Figure 1. The "jelly roll" 
is inserted into conventional cylindrical battery containers 3. Appropriate insulating pieces 2,7 are Included and 
tab connections 5,6 are made to the cell case 3 and header 1. Safety devices may be included as desired. 
Figure 1 shows the use of a combination safety vent and pressure operated disconnect device (in the header 

10 1 ) that may be employed. Electrolyte 8 consisting of a suitable lithium salt in a mixture of non-aqueous solvents 
is added to activate the battery prior to crimping the header-case assembly shut 

For illustrative and/or comparative purposes, other lithium manganese oxide samples were synthesized 
in the examples to follow using the same reactants and a conventional synthesis method. Pellets of mixed 
LiOH H20 and y-MnOOH powders were made using a hardened steel pellet press operated with a pressure 

15 on the powders of about 1000 bar. A Retsch Model RM-0 automatic grinder was used to thoroughly mix the 
reactants. Heating of the pellets was performed using the same apparatus and methods employed in the in- 
vention process. 

In the examples to follow, a Phillips powder diffractometer equipped with a Copper taiget x-ray tube and 
a diffracted beam monochrometer was used for diffraction measurements. A TA instruments Model 951 ther- 

20 mogravimetric analyzer was used when monitoring the reaction between LiOH H20 and y-MnOOH solids. 

Laboratory test cells were employed to Illustrate the electrochemical behaviour of the lithium nr»anganese 
oxide cathode materials that were prepared. These cells used an anode of lithium metal which acts as a useful 
reference electrode for this purpose. The information provided from such cells allows those skilled In the art 
to engineer suitable lithium ion batteries with these materials as cathodes. The laboratory test cells were con- 

25 structed as shown in Figure 2. 2325 size coin cell hardware, comprising negative container 21 . gasket 22, and 
positive container 30. equipped with a spacer plate 24 (304 stainless steel) and a disc spring 23 (mild steel) 
was used as the test vehicle. A special corrosion resistant grade of stainless steel was used for the positive 
container hardware 30 to prevent oxidation. The disc spring 23 was selected so that a pressure of about 15 
bar would be applied to each of the cell electrodes (anode 25 and cathode 27) when the ceil was crimped 

30 closed. 125^m thick Li foil was used as the anode 25 in these cells. The separator 26 was CetgardTM 2502 
microporous film which had been wetted with electrolyte 28 consisting of 1M LiPFe dissolved in a 50/25/25 
volume percent mixture of Dimethyl Carbonate, Propylene Carbonate and Ethylene Carbonate respectively. 
Cathodes 27 were made from the lithiated manganese oxide powder, Super S carbon black (10% by weight) 
and polyvinylidene (PVDF) binder, uniformly coated on aluminum foil. The lithiated manganese oxide and the 

35 carbon black were added to a solution of 20% PVDF in N-methylpyroilidinone (NMP) such that 1 0% of the final 
electrode mass would be PVDF. Excess NMP was then added until the slurry reached a sniooth syrupy vis- 
cosity. The slurry was then spread on the Al foil using a doctor blade spreader and the NMP evaporated at 
about 90^ in air. Once the electrode stock was dried it was compressed between flat plates at about 25 bar 
pressure. Test electrodes of dimension 1.2cm x 1.2cm were then cut from the electrode stock using a precision 

40 cutting jig. These electrodes were then weighed and the weight of the foil, the PVDF and the carbon black 
were subtracted to obtain the active electrode mass. 

All cell construction and seating was done in an Argon-filled glove box. After construction, the cells were 
removed from the glove box and cycle tested using constant current cyclers. Currents were adjusted to be 5.7 
mAh/gram of active material. 

45 

Comparative Examples 

Example 1 : 

so 6.554g y-MnOOH and 3.445g LiOH H20 were thoroughly mixed together using the automatic grinder. A 

10% atomic stoichiometric excess of Li was included, ie: the U:Mn ratio in the mixture was 1.1:1. After mixing, 
the powders were pressed into a pellet at 1000 bar pressure. The pellet was then tightly wrapped in Ni foil. 
The wrapped pellet was placed In an alumina boat and then heated under flowing argon for 18 hours at 350X. 
After heating ft was reduced to powder by grinding and analyzed by x-ray diffraction. Figure 3 shows the dif- 

55 fraction pattern obtained. This pattern agrees well with that of similar material prepared by T. Ohzuku et al.,J. 
Electrochem. Soc. 137, 769, (1990). (shown in this article's Figure 1) except that, In their work, the Impurity 
peak near 18^ belonging to the pattern for LiMn204, is of equal height to the Oil peak at 24.5''. (Note that the 
data in this reference was collected using Fe Ka radiation, so the angles there must be corrected to oonrespond 
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In the following, solid solution materials containing a uniformly dispersed mixture of one or more solid sub- 
stances at the Ionic level are normally referred to as AxByMO^ where x, y, and z refer to the ranges of elements 
A, B, and O present with respect to the element M. Valence restrictions limit the theoretical ranges possible 
for these parameters. Aperson ski lied in the art will understand the interdependence of and the absolute ranges 
5 possible for these parameters. Also In the following, the tenm low temperature is used to mean below 300*»C 
to clearly distinguish It from the prior art 

Ion exchange is defined by Grimshaw and Harland, ("Ion Exchange: Introduction to Theory and Practice" 
Published by: The Chemical Society, London, England, 1975), as "the reversible interchange of ions between 
a solid phase (the Ion-exchanger) and a solution phase; the ion-exchanger is usually insoluble in the medium 

10 in which the ion exchange is carried out". If an ton exchanger ^rA* carrying A* cations is placed In an aqueous 
solution containing B*. an ron exchange reaction takes place represented by the following equation: 

M-A^ (solid) + (solution) <-> MS^ (solid) + A^ (solution). 
The anion in solution usually does not take place In the exchange to any appreciable extent In the examples 
of this Invention. M can be Identified with MnOO, A with H. Na, K, etc. and B with LI. 

IS Ion exchange reactions are generally topotactic. In this relatively gentle reaction, the structure of the fra- 

mework is retained while mobile ions of one type (H* in the examples to follow) are exchanged for those in 
high concentration in solution (LI* In the examples). Therefore, one can expect the structure of the ion ex- 
changed product to mirror that of the starting reactant MnOOH exists In three well documented forms. There 
is the y-MnOOH form used here, called manganite, described in M.J. Buerger. Zeltschrif t f ur Kristallographie 

20 95. 163 (1 936), and In D. Glover, B. Schumm, Jr. and A. Kozawa, "Handbook of Manganese Dioxides. Battery 
Grade" Published by the International Battery Materials Associatton (1989) page 6. which shows structural 
similarity to orthorhombic LiMnOj. There Is a-MnOOH, called groutlte, and p-MnOOH called Feltknechtlte 
(D.Gtover. B. Schumm, Jr. and A Kozawa, "Handbook of Manganese Dioxides, Battery Grade" Published by 
the International Battery Materials Association ( 1 989) page 6, and/or Owen Bricker, The American Mineralogist, 

25 50. 1296 (1965). The former takes a ramsdellite-type structure and the latter is apparently a layered structure 
like Mn(OH)2. The inventors expect the synthesis methods to be applicable to each of these MnOOH starting 
materials and that useful materials as cathodes in Li-ion cells will be produced. Furthermore, it is likely that 
Mn(OH)2 can also be k>n-exchanged using our methods, again producing useful electrode materials for Li-ion 
cells. A summary of present and expected results Is shown in the following table. 

30 
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so Lithium manganese oxide is prepared using a two-stage process. y-MnOOH obtained from Chemetals (Bal- 
timore, Md., USA) and LiOH H20 obtained from FMC (Bessemer City. NC, USA) were used as reactants. Ll- 
thiatlon was accomplished by stirring y-MnOOH in aqueous LIOH solution at about 100**C In a refluxing set- 
up. A variety of post-llthlatlon treatments to dry the powder can be employed and Include filtering, settling, 
and. centrifuging in addition to heating. Heating Is performed In tube furnaces equipped with stainless steel 

55 furnace tubes above 1 20''C. The ends of the furnace tubes could be closed by flanges with gas flow or vacuum 
fittings so that heating could be done under air, Inert gas, or vacuum. 

Primary or rechargeable lithium batteries are then constructed employing the lithium manganese oxide 
material as a cathode nraterial (either as the major component or as an additive). A preferred construction is 

5 
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